The cc, bo, and t 1 spectra are investigated with the use of a semirelativistic potential model described in an earlier paper. Results for the energy levels, leptonic widths, and E1 transition widths are compared with the experimental data for cc and bo and predicted for t 1. We also find that the quark-antiquark interaction can best be described by a quasistatic rather than a ptomentum-dependent potential, and propose a theoretical justification for this surprising conclusion.
I. INTRODUCTION
Recently we described a semirelativistic potential model 1 for quarkonia to improve upon the more commonly used nonrelativistic models. We found that the semirelativistic treatment considerably differs from the nonrelativistic treatment 2 for cc, while the difference between the two treatments is less significant for bb. We, therefore, provided results only for the cc system. Spectroscopy of heavy quarkonia is particularly suitable for a confrontation of quantum chromodynamics with the experimental data. Therefore, we have now carried out a more rigorous investigation of the cc and bb systems with the use of the semirelativistic treatment, and we have also extended our treatment to t 1 in view of the current enhanced interest in the top quark. 3 As in our earlier paper, we have used a quark-antiquark potential consisting of a perturbative part, which includes the complete oneloop radiative correction to the one-gluon-exchange interaction, and a linear scalar-exchange confining part. Moreover, in order to clarify the role of momentum dependence in the quark-antiquark potential, we have explored both the quasistatic and the momentum-dependent forms of our potential, and our conclusions are interesting as well as unexpected.
Besides giving our results for the cc, bb, and t 1 spectra in Sees. 11-IV, we discuss the correlation of quarkonium parameters in Sec. V and compare the quasistatic and momentum-dependent potentials in Sec. VI. Our conclusions and the significance of our results are summarized in Sec. VII.
II. cc SPECTRUM Our semirelativistic model 1 is based on a Hamiltonian of the form
where r, and rc are the perturbative and the confining potentials. It should be noted that while this Hamiltonian includes the relativistic kinetic energy of the system, both r, and rc represent nonrelativistic potentials, which will be discussed in Sec. VI.
The mathematical formalism required for obtaining the quarkonium energy levels and wave functions with the semirelativistic treatment is fully described in Ref. 1. Our revised results 4 for the cc energy levels below the charm threshold as well as the values of the parameters are given 5 in Table I . The splittings of the energy levels are Table IV , while the leptonic widths, the matrix elements ( P I r I S), and the El transition widths are given in Tables V-VII. We also note that, according to Table IV, and
The only striking difference between the semirelativistic results and the earlier nonrelativistic results 2 for bb is that the semirelativistic model yields larger values for wave functions at the origin. This leads to larger hyperfine . splittings, and it also becomes necessary to use the leptonic width formula with radiative correction in the form (2.5) to obtain reasonable theoretical values. Considering the fact that we are dealing with strong interactions, the overall a1.reement between the theoretical and experimental results · 12 is gratifying.
IV. t1SPECTRUM
There is some indication that the mass of the top quark is in the range 30~m,~50 GeV, and we give the lowlying Sand Penergy levels of t7for m 1 =40 and 45 GeV in Tables VIII and IX. For m1 =40 GeV, we also give the leptonic widths, the matrix elements (P I r IS), and the El transition widths in Tables X, XI , and XII. According to Table VIII, the splittings among the S and P energy levels, for m, =40 GeV, are while the hyperfine and fine-structure splittings of other states are from 3 to 9 MeV. The changes in the energylevel splittings when m, increases from 40 to 45 GeV can be seen by comparing Tables VIII and IX. It is hoped that t 1 might provide a sensitive test for the validity of various potential models at short range, and it is interesting to compare our results with those obtained by others with the use of different potential models. We note that our energy-level splittings and E1 transition widths are considerably smaller than those obtained recently by Moxhay and Rosner, 13 while our leptonic widths are in reasonable agreement with theirs. Our energy-level splittings are also smaller than those of Buchmiiller and Tye 14 corresponding to Am=500 MeV (where MS is the modified minimal subtraction scheme), while the leptonic widths are again in reasonable agreement. When compared with the Buchmiiller-Tye results corresponding to Am=200 MeV, neither our energy levels nor our leptonic widths agree with theirs. Our results are subject to some uncertainty because of the need for extrapolation of the values of as and A for t 1 from those for cc and bb as described in Sec. V, but this uncertainty cannot account for the differences between our results and those of earlier authors.
V. CORRELATION OF QUARKONIUM PARAMETERS
Besides choosing the parameters so as to make the overall agreement between the theoretical and available experimental results for cc and bb as close as possible, other important considerations have been taken into account.
Our values of as for cc, bb, and t 1 satisfy the quantum-chromodynamic transformation relation
• as as= l+(as/121T)(33-2n/)ln(JL' 2 /JL 2 ) ' (5. 1) and since our perturbative potential includes only the one-loop radiative correction, we have used the one-loop formula for the transformation of as. Moreover, the value of JL for each quarkonium is subject to the condition2 that for all S states 151 <<1' which puts a reasonable restriction on the value 15 of f.L· It should be noted that the radiative correction included in our perturbative potential corresponds to the GuptaRadford (GR) renormalization scheme, 16 which is a momentum-space subtraction scheme equally applicable to light and heavy quarks. According to the parameter values in Tables I, IV, which are consistent with the generally accepted values of A.
Despite our best efforts we were unable to equalize the values of A for cc and bli. Our rigorous semirelativistic treatment leads to the conclusion that Ace is smaller than Ab7i· Since A depends on n 1 , it is not surprising that A is also n 1 dependent. In order to estimate the value of A for t7, we observe that when n 1 increases from 3 to 4, A increases by a factor Abli I Ace= 1.2. Assuming that a similar increase occurs when n 1 increases from 4 to 5, wearrive at our value A 11~0 .22 GeV 2 . We have also verified that a small ambiguity in the value of A 17 does not present a serious problem because the energy level splittings of t 7 are not very sensitive to variations in A.
VI. COMPARISON OF QUASISTATIC AND MOMENTUM-DEPENDENT POTENTIALS
Quark-antiquark nonrelativistic potentials have been used by various authors either in the momentum- In our earlier papers, 1 · 2 only the quasistatic form of the scalar-exchange confining potential was employed, but we have now investigated the ce and bb spectra by using both the quasistatic and the momentum-dependent forms of the quark-antiquark potential in the Hamiltonian (2.1). We were surprised to find that while the quasistatic potential yields very good overall results for the energy levels, this is not the case with the momentum-dependent potential.18·19 We have, therefore, provided the results only with the use of the quasistatic potential in Sees. Recently it has been shown by Gupta and Radford 20 that quark confinement can be understood as a consequence of the fact that quarks and antiquarks can exchange only hard gluons. We believe this also helps to explain the success of the quasistatic quark-antiquark potential even when p 2 /m 2 is appreciably large for a quarkoni- By using a semirelativistic potential model, we have presented results of experimental interest for heavy quarkonia as well as analyzed the nature of the quarkantiquark potential.
Considering the fact that we are dealing with strong interactions, our overall results for cc and bb are gratifying We have also found that the quark-antiquark interaction can best be described by a quasistatic rather than a
